A prominent theory of the N2 event-related potential component holds that the 'oddball' N2 is generated in the anterior cingulate cortex. However, observations of oddball N2s with posterior scalp distributions are inconsistent with this hypothesis. We suggest that variability in the topology of the oddball N2 is a key characteristic of the component that can inform theories of its neural basis. We propose that the oddball N2 reflects cortex-wide noradrenergic modulation of the ongoing cortical activity and thus should have a topology that varies systematically according to task specifics. Participants engaged in an oddball task with male and female faces tinted either yellow or blue, counting targets according to color or sex. Between blocks, targets were frequent or infrequent, counterbalanced across task (attend color, attend sex), and category (blue male, yellow male, blue female, yellow female). We created difference waves by subtracting frequent from infrequent category trials to isolate the oddball N2. When participants attended to color the oddball N2 was maximal over frontal-central areas and when they attended to sex it was maximal over lateral-occipital areas. Thus, the oddball N2 has a variable scalp distribution that depends on the relative engagement of cortical areas, consistent with noradrenergic modulation having the greatest impact in those areas mostly engaged by the task at hand.
The N2 is a negative deflection in the human eventrelated brain potential (ERP) occurring approximately 200-300 ms after an eliciting stimulus. Two prominent reviews have classified the visual N2 into three subcomponents based on antecedent conditions [1, 2] . The 'novelty' N2 exhibits an anterior scalp distribution and is sensitive to highly deviant or attention-capturing, but task-irrelevant stimuli. The 'conflict' N2 exhibits an anterior distribution and is exercised by the exertion of cognitive control, for example, when inhibiting a prepotent response or when responding to incongruent stimuli as in the Eriksen flanker task [3] . Finally, the 'oddball' N2 is modulated by the probability of taskrelevant stimulus categories, being largest for infrequently occurring target stimuli; it is said to exhibit an anterior scalp distribution in the auditory modality and a posterior scalp distribution in the visual modality [1, 2, 4] . However, several research groups have also reported a visual oddball N2 that is maximal at frontal-central sites (e.g., [5] [6] [7] ).
A prominent theory proposes that both the oddball and conflict N2s are manifestations of conflict monitoring/ detection in the anterior cingulate cortex and constitute the same ERP component [5, 8] . Neural conflict is defined as the simultaneous activation of incompatible response channels [9] . On the incongruent trials in the Eriksen flanker task, conflict is elicited by having information relevant to two responses appear simultaneously on the screen. Similarly, in oddball tasks, a frequently appearing stimulus cultivates a bias to respond to the frequent stimulus that must be overcome on infrequent trials. The conflict monitoring theory of the N2/anterior cingulate cortex is supported by source localization studies [5, 8] and by functional neuroimaging studies that show an increased anterior cingulate cortex activation for events that produce the conflict and the oddball N2 [10] [11] [12] .
We investigated the discrepancy in reports of oddball N2 topology by conducting a typical oddball experiment using faces as stimuli. The faces were either male or female and were tinted either yellow or blue. Participants discriminated faces based on the sex or the color of the face. Thus, the stimuli were exactly the same across conditions; only the attended dimension changed. If the oddball N2 scalp distribution is produced by specific cortical generators, then it should be the same across task conditions, but if it is sensitive to task demands then it should change accordingly. We predicted that, consistent with previous observations from our own lab and others [5] [6] [7] , the oddball N2 in the color condition would exhibit an anterior scalp distribution. In contrast, based on previous observation of the N250, a negative deflection in the ERP that is maximal over lateraloccipital areas and believed to be generated by the 'fusiform face area' [13] , we predicted that the oddball N2 in the sex condition would exhibit a lateral-occipital scalp distribution. We argue that the variability of the topology of the oddball N2 is a key characteristic of the component that suggests the involvement of the locus coeruleus-norepinephrine system in its production.
Methods

Participants
Twenty-six people (19 women; mean age, 20.6 years; standard deviation = 2.8 years) signed up through the research participation system at the University of Victoria, Canada, and were compensated with extra credit in an undergraduate psychology course. The study was approved by the human participants review board at the University of Victoria and conducted in accordance with the ethical standards prescribed in the 1964 Declaration of Helsinki.
Apparatus and procedure
Participants were seated comfortably, approximately 50 cm in front of a computer screen, in an electromagnetically shielded booth. Stimuli consisted of male or female faces (40 examples of each, excluding hair and contour of head) tinted either blue or yellow (approximately 4.41 visual angle). For both stimulus dimensions (color, sex), one stimulus type occurred infrequently (20% of all trials). This manipulation was counterbalanced across task conditions such that the unattended dimension occurred with 20-80% frequency within each level of the attended dimension. The order of stimulus presentation was randomized with replacement, and the rate of presentation was one item every 1500 ms. Participants were required to count target stimuli silently. The task consisted of eight blocks of 100 trials each, counterbalanced such that each of the four stimulus types occurred in two blocks as the target, and of those two blocks, once as a frequent target and once as an infrequent target. Participants reported their count every 50 trials (halfway through the block) using the keyboard.
Data acquisition
The electroencephalogram (EEG) was recorded from 41 electrode locations arranged in the standard 10-20 layout using Brain Vision Recorder software (Version 1.3, Brainproducts, Munich, Germany). During recording, the EEG data were referenced to the average voltage across channels, sampled at 250 Hz, and amplified (Quick Amp, Brain products) and filtered through a passband of 0.017-67.5 Hz (90 dB octave roll off). Impedances were below 12 kO.
Electroencephalogram data analysis
The EEG data were filtered offline through a 0.1-20-Hz passband phase shift-free Butterworth filter and were rereferenced to linked mastoids. Ocular artifacts were removed using the algorithm described in [14] . Trials in which the change in voltage at any channel exceed 35 mV per sampling point were removed. In total, 0.4% of the data were discarded. Epochs (1200 ms) of data were extracted from the continuous EEG from 200 ms before stimulus onset to 1000 ms after the onset. The data were baseline corrected according to the average amplitude of the EEG over the 200 ms preceding stimulus presentation and ERPs were created by averaging the EEG data for each condition, electrode site, and participant. To isolate the effect of frequency while holding the effect of attentional demands constant, we first constructed four ERPs by averaging the data associated with all the infrequent stimulus presentations (infrequent targets and infrequent nontargets) together, and the data associated with all the frequent stimulus presentations (frequent targets and frequent nontargets) together, separately for each task condition. We then created difference waves by subtracting the frequent-stimulus ERP from the infrequent-stimulus ERP, yielding attendsex and attend-color oddball N2s, which were purely sensitive to frequency of occurrence. This method has previously been prescribed for assessing the oddball N2 without confounding it with target status (e.g., see [1, 2] ).
Visual inspection of the grand-average difference waves ( Fig. 1 ) suggested that the oddball N2 varied in latency and duration across the attend-sex and attend-color conditions, with the N2 occurring later and lasting longer in the attend-sex condition. For this reason, we assessed the mean oddball N2 amplitude in time windows adjusted for each condition according to the approximate period of oddball N2 manifestation as follows. For both the attend-color and attend-sex conditions, the location of maximum amplitude was obtained from the grandaverage ERP by averaging the data recorded at each electrode channel within a temporal window poststimulus (attend color, 220-300 ms; attend sex, 240-420 ms) and identifying the channel with the most negative value. Attend-color and attend-sex oddball N2 amplitudes were then assessed for each participant by averaging the difference-wave values within the corresponding temporal windows at these two channels.
We conducted a secondary analysis of the impact of frequency on 'raw' N2 amplitude. For this secondary analysis, we first determined the raw P3 peak (because it is the most prominent component in the ERP) as the most positive point in the ERP occurring between 210 and 800 ms in the attend-color condition and between 310 and 800 ms in the attend-sex condition. We then defined the raw N2 peak as the most negative deflection preceding the raw P3 peak, and occurring no earlier than 200 ms in the attend-color condition and 300 ms in the attend-sex condition. To determine the topology of the difference in raw-N2 peak amplitude, we subtracted the frequent raw-N2 peak amplitude value from the infrequent value for each electrode and task condition.
Results
Behavioral results
We assessed the error rate by dividing the absolute value of the difference between the reported and correct counts by the correct count, giving a percent of the correct count. We excluded the data of two of 26 participants who exhibited error levels more than two standard deviations above the mean, corresponding to error rates of 39.0 and 40.5%. For the remaining participants, the mean error rate for categorizing faces was 14.6%, whereas for color it was 5.2%. This difference in the performance between categorizing faces based on sex versus color was significant [t(23) = 5.1, P < 0.001].
Electroencephalogram results
The attend-sex oddball N2 was maximal at the lateraloccipital channel P8 (mean amplitude = -0.89 mV), and the attend-color oddball N2 was maximal at the frontalcentral channel C4 (mean amplitude = -2.31 mV). Conversely, the mean amplitude of the attend-sex oddball N2 at channel C4 was -0.29 mV and the mean amplitude of the attend-color oddball N2 at channel P8 was -1.47 mV. Figure 1 shows the ERPs elicited by the frequent-target and infrequent-target stimuli for the attend-sex and attend-color conditions, recorded at channels P8 and C4, and the difference waves associated with the two tasks. A 2 Â 2 analysis of variance on oddball N2 amplitude with task (attend color vs. attend sex) and electrode channel (P8 vs. C4), as repeated measures revealed a main effect of task such that the oddball N2 was larger in the attend-color condition than in the attend-sex condition [F(1,23) = 14.10, P < 0.01], and no main effect of electrode (F < 1). Importantly, there was an interaction between electrode and task such that the oddball N2 was larger at channel P8 in the attend-sex condition, whereas the oddball N2 was larger at channel C4 in the attend-color condition [F(1,92) = 55.00, P < 0.01]. Paired t-tests confirmed these results, attend sex [t(23) = -3.35, P < 0.01] and attend color [t(23) = -3.45, P < 0.01].
We conducted a secondary analysis on raw-N2 peak amplitude to check that our results were not specific to mean amplitude measures. The difference between frequent and infrequent raw-N2 peak amplitude was greatest at the frontal-central site FCz ( -2.28 mV) in the attend-color condition and at P8 (-1.74 mV) in the attend-sex condition. Paired t-tests revealed that the peak difference was significantly larger at FCz than P8 in the attend-color condition ( -2.28 mV vs. -0.39mV, t(23) = -2.70, P = 0.01), but larger at P8 than FCz in the attendsex condition ( -1.74 mV vs. 0.06 mV, t(23) = 3.06, P < 0.01).
Discussion
Participants were asked to discriminate blue-tinted or yellow-tinted, male or female faces based on the color or on the sex of the face, with the target occurring on either 80 or 20% of the trials. When the participants attended to color, the oddball N2 was maximal over frontal-central areas, but when they attended to sex, the oddball N2 was maximal over lateral-occipital sites. Our results demonstrate that the effect of stimulus frequency on the scalp distribution of the N2 depends on the attended dimension of the stimulus. Such a dramatic shift in the topology of the N2 within the same task and modality has, to our knowledge, never been shown before.
We also observed a main effect of task such that the size of the oddball N2 was larger on attend-color than attendsex trials across channel locations. Possibly, the longer latency associated with categorizing by sex resulted in greater latency jitter that disrupted the N2 in that condition. In addition, different levels of accuracy and confidence across conditions may have affected N2/P3 amplitude. Participants were less accurate in the attendsex task and with intermittent feedback indicating their accuracy, were probably less confident as well.
Confidence is related to N2/P3 amplitude, with less confident judgments giving rise to smaller N2/P3s [15, 16] .
Inspection of the raw ERPs might suggest that this effect may have resulted from N2-related latency differences rather than amplitude differences across conditions. That is, if participants categorized frequent categories faster than infrequent categories, perhaps the N2 occurred earlier for frequent categories and the difference between the N2 to frequent and infrequent categories actually reflects a latency difference rather than an amplitude difference. However, we observed the same effect of task on topology (frontal-central vs. lateral-occipital across task conditions) when we analyzed the frequency-related difference in raw-N2 peak amplitudes, a measure independent of the difference in latency.
One may question why our attend-color oddball N2 was maximal over frontal-central regions, rather than regions specific to color processing. In both task conditions, we expected engagement of the anterior cingulate cortex because the anterior cingulate cortex is sensitive to conflict/infrequent events. In the sex condition, we expected relatively large activation of the fusiform gyrus because of the difficulty of the discrimination. In contrast, we did not expect color-processing areas in visual cortex to be strongly engaged because the color discrimination (yellow vs. blue) was relatively easy.
Some ERP components, such as the C1 and the readiness potential, exhibit multiple scalp distributions [17] . Of relevance to this case, release of norepinephrine by the locus coeruleus, which has broadly distributed afferent projections capable of impacting neural processing throughout the neocortex [18] , increases the responsivity of individual neurons and improves the signal-to-noise ratio of associated neural networks [19] . As a consequence, the impact of norepinephrine is greatest in whatever area of the brain is most activated by the task at hand [20, 21] . In view of this, we suggest that the N2 reflects the impact of norepinephrine on active brain areas. This position develops a recent theory that the P3 ERP component reflects the impact of a phasic norepinephrine release on cortical processing [20] . Of note, the phasic activity of the locus coeruleusnorepinephrine system is characterized by two stages, the phasic burst in firing and a subsequent refractory-like period of quiescence due to autoinhibition. Thus, large releases of norepinephrine are followed immediately by a depletion of norepinephrine dependent on the amount of the initial release. In contrast to the original theory, which holds that the P3 is elicited directly by the phasic increase in norepinephrine, we suggest that the N2 reflects the initial norepinephrine release and the P3 reflects the subsequent depletion of norepinephrine. This hypothesis accounts naturally for the close relationship between the N2 and the P3, which together have historically been termed the 'N2/P3 complex' [22] , and is consistent with the evidence supporting involvement of the locus coeruleus-norepinephrine system in P3 production.
Conclusion
The different oddball N2 scalp distributions observed here indicate that they are associated with different neural computations. On the one hand, the N250 has previously been linked to face processing and to familiarity for the target face [13] , and on the other hand, the frontal-central N2 has been associated with conflict monitoring by the anterior cingulate cortex. Nevertheless, the oddball N2 -as measured as a difference wave -indicates a common function underlying these very different brain processes: Both brain areas respond comparably to changes in stimulus frequency. By this definition, the oddball N2 is the same ERP component despite the different scalp distributions. We propose that this variability reflects the taskdependent impact of phasic norepinephrine release on face processing activity in the fusiform gyrus, conflictrelated activity in the anterior cingulate cortex, and processing by other cortical areas (e.g., [1, 2] ).
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